Aim: To investigate the effect of depth on cervical shearwave elastography. Methods: Shear-wave elastography was applied to estimate the velocity of propagation of the acoustic force impulse (shear wave) in the cervix of 154 pregnant women at 11-36 weeks of gestation. Shear-wave speed (SWS) was evaluated in cross-sectional views of the internal and external cervical os in five regions of interest: anterior, posterior, lateral right, lateral left, and endocervix. Distance from the center of the ultrasound (US) transducer to the center of each region of interest was registered. Results: In all regions, SWS decreased significantly with gestational age (P = 0.006). In the internal os, SWS was similar among the anterior, posterior, and lateral regions and lower in the endocervix. In the external os, the endocervix and anterior regions showed similar SWS values, lower than those from the posterior and lateral regions. In the endocervix, these differences remained significant after adjustment for depth, gestational age, and cervical length. SWS estimations in all regions of the internal os were higher than those of the external os, suggesting denser tissue. Conclusion: Depth from the US probe to different regions in the cervix did not significantly affect the SWS estimations.
Introduction
Shear-wave elastography is considered a dynamic method to evaluate the elastic properties of tissues [4, 28, 66] . The ultrasound (US) system produces an acoustic radiation force impulse [79] that creates a cone-shaped disturbance, known as shear wave, which propagates through the tissues at high velocity and can be tracked using superfast US with frame rates between 5000 and 20,000 KHz [5, 56-61, 64, 74] . The velocity of shear-wave propagation is estimated in meters per second and is faster in hard or stiff tissues than in soft tissues. It can also be transformed as a Young's elastic modulus and expressed in kilopascals or displayed as a color code elastogram [64, 65, 72] . Shear-wave elastography involves three processes: (1) emission and display of the fundamental US image, (2) emission of the acoustic force impulse, and (3) estimation of shear-wave speed (SWS). The final frequency of the color elastograms on the US screen is about three to five frames per second [4] .
Shear-wave elastography has been previously applied in the evaluation of the cervix in pregnant women. Gennisson et al. [30] reported a lower elastic modulus in cervix measuring < 25 mm as compared with longer cervix. Carsson et al. [12] studied samples of human cervix obtained after hysterectomy and artificially induced cervical ripening before surgery with prostaglandins. They were able to demonstrate differences in SWS when compared with unripe cervix. They also reported differences in SWS between the proximal (internal) and distal (external) portions of the cervix.
One of the advantages of shear-wave elastography over other elastography methods is that the generation of the mechanical impulse is operator independent. Still, other factors might influence shear-wave propagation. The aim of this study was to investigate if the depth from the US transducer to the studied region can affect the SWS estimation. 
Methods

Study design and participants
Ultrasound examination
The cervix was evaluated using transvaginal US with an endocavitary probe 12-3 MHz (SuperSonic Imagine, Aix-en-Provence, France). Shear-wave elastography was estimated in two cross-sectional planes of the cervix, one at the level of the internal os and the other at the level of the external os. After measurement of the cervical length [10, 70] , the US probe was rotated 90° to obtain cross-sectional views. The decision to evaluate cross-sectional images of the cervix was based on the locations of the regions of interest. The studied areas can be aligned in the center of the US beam for a regular propagation of the acoustic force impulse. We also aimed to compare areas within the same anatomic regions differing only in the distance from the US probe.
The elastogram box was adjusted to cover the entire cervix. The operator maintained a fixed position with the US probe, and the patient was asked for voluntary temporal apnea. The system took approximately 3-5 seconds to show consistent color elastograms; the selected images were saved for off-line analysis. The color-coded elastogram displayed the areas with high SWS in blue, and those with slow SWS in red. Faster shear-wave propagation is related to denser or stiff tissue, and slow shear-wave propagation to soft tissue [4] . The US equipment simultaneously displayed the fundamental US image with and without the superimposed color elastogram. SWS calculations were performed in the fundamental US image without the color elastogram using a circular region of interest (Q-box) of 5 mm diameter. A total of five regions of interest were investigated in each cervical projection: one in the endocervical canal and one in each of the four quadrants of the cervix (anterior, lateral right, lateral left, and posterior) (Figures 1 and 2 ). All regions were aligned and equidistant from the center of the cervix. The distance in millimeters from the center of the US probe to the center of each region of interest was registered. The quantitative evaluation of SWS was expressed in meters/second. 
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Statistical analysis
Normality of SWS and distance from the US probe was assessed using the Kolmogorov-Smirnov test and visual inspection of histograms. Generalized linear models were fit to examine mean differences, accounting for the clustering of multiple measurements within unique patients (e.g., distance measurements performed in multiple regions of interest for a unique patient). These models included fixed effects representing the anatomical plane and measurement region, in addition to the gestational age at the time of the scan. A P-value < 0.05 was considered statistically significant. Statistical analyses were performed using SAS version 9.3 (Cary, NC, USA).
Results
Characteristics of the study population are displayed in Table 1 . The median gestational age at examination was 21 weeks, and the median cervical length was 37 mm (IQR: 33-41). Previous preterm delivery was documented in 11.6% of patients, and 92.2% were African American; all patients delivered at term. No differences in SWS related to ethnicity or obstetrical history were documented in any of the studied regions.
Internal cervical os
SWS estimations and distance from the US probe to each of the studied regions in the internal cervical os are presented in Table 2 . Depth was significantly different between the anterior and posterior regions and from all other regions (all P < 0.0001). No significant differences in depth between the lateral regions were documented. Figure 3 shows the estimated mean log 2 SWS for each region of interest by gestational age (continuous, Figure 3A ; quartile, Figure 3B ). The estimated SWS for measures obtained in each region of interest decreased significantly in relation to gestational age (P = 0.006). SWS in the endocervical canal was significantly lower than in all other regions of interest (P < 0.01) only after 14 weeks of gestation. No significant differences in SWS were documented among anterior, posterior, and lateral regions at any gestational period. Adjustment for cervical length and depth did not alter these findings ( Figure 3C ). The average I I  III  IV  I  I I  III  IV  I  I I  III  IV  I  I I  III  IV  I  I I  III SWS of all four regions of interest did not significantly differ from any of the individual measurements.
External cervical os
SWS and depth from each of the studied regions of the external cervical os are presented in Table 3 . Depth was also significantly different between the anterior and posterior regions and from all other regions (all P < 0.001).
No differences in depth between the lateral regions were noted. All regions showed lower SWS as compared to similar regions in the internal cervical os (P < 0.0001, with Bonferroni adjustment). Figure 4 shows the estimated mean log 2 SWS for measures obtained in the external os. SWS from all regions of interest decreased significantly in relation to gestational age (continuous gestational age, Figure 4A ; quartile gestational age, Figure 4B ). SWS from the anterior region was similar to that in the endocervix and lower than that in the posterior and lateral regions, and SWS from the posterior region was significantly higher than that in the left lateral region. SWS did not differ among the lateral regions but was significantly lower in the endocervix, despite being located at a similar depth. Depth did not show a significant association with SWS estimations (P = 0.10). Differences in SWS of the posterior and lateral regions, when compared to the endocervical region, remained significant after adjusting for cervical length and depth ( Figure 4C ).
Discussion
The principal findings of this study are as follows: (1) distance from the US transducer to different regions of interest in the cervix did not meaningfully affect SWS estimations; (2) in the internal cervical os, SWS was only lower in the endocervix as compared with all other regions. In the external cervical os, SWS was different among specific regions of interest; (3) SWS was significantly higher in all I I  III  IV  I  I I  III  IV  I  I I  III  IV  I  I I  III  IV  I  I I  III regions of the internal os as compared to those from the external os, thus suggesting denser tissue. Differences in SWS might be related to tissue characteristics rather than depth.
Clinical applications of shear-wave elastography include the evaluation of tumors [1, 6, 9, 14, 16, 19] , assessment of the stiffness in carotid artery plaque [29, 67] , evaluation of the tensile properties of tendons and muscles [3, 18, 62] , evaluation of liver disease [24, 46, 50, 85] , and assessment of deep venous thrombosis [8, 42] . In pregnant women, in addition to the preliminary reports on the cervix [30] , Li et al. [49] reported a similar elastic modulus between the central and peripheral areas of the placenta. The main advantages of shear-wave elastography using acoustic force impulse are as follows: (1) the creation of the tissue disturbance is operator independent, (2) it provides a quantitative evaluation of the propagation of the shear wave, and (3) the stimulus travels longer distances.
Depth and SWS
The influence of depth in SWS was previously evaluated by Chang et al. [13] in a phantom model. The authors reported an averaged reduction in SWS of 0.1 m/s per centimeter of increased depth. These differences became significant when the structure was located at ≥ 3 cm from the transducer [13] . Transvaginal US may reduce the attenuation effect of depth on shear-wave elastography as none of the studied regions were located deeper than 3 cm. In the external os, all regions of interest were located even closer to the US probe than those from the internal os; therefore, a lower impact of depth on shear-wave signals might be expected. Nonetheless, SWS was higher in the posterior than in the anterior regions. This difference in shear-wave propagation might be related to differences in tissue constitution as values remained significant after adjustment by depth. The velocity of propagation of the shear wave can be related to the alignment and organization of the collagen network, concentration of proteoglycans [22, 41, 63, 73, 80, 83] , and the amount of smooth muscle cells [17, 47, 71] in different cervical regions.
Elastography and the cervix
US elastography has been previously applied to investigate the elastic properties of the cervix [25, 26, 45, 55] . The first studies were based on the qualitative evaluation of color elastograms [75, 77] . Recent reports proposed standard protocols for image acquisition and analysis, providing numerical values, thus improving the reliability of the method [25, 43, 55, 78] . Our group, using quasi-static elastography, reported lower strain values in the internal cervical os than in the external cervical os [39, 40] . However, despite using a method to standardize the oscillatory compression applied by the operator, a reasonable concern arises if these differences can, at least in part, be related to the operator technique and/or depth [53] . Shear-wave elastography generates a mechanical impulse (independent of the operator) which can be used to evaluate the effect of depth on shear-wave propagation. The results of the present study suggest that depth does not significantly affect the shear-wave propagation in the pregnant cervix. The differences observed between the internal and external os, and within regions of interest, are in agreement with those reported by Carlson et al. [12] , who estimated the SWS in cervix samples obtained after hysterectomy: these authors showed differences in the propagation of the shear wave along the length of the cervix, with the highest speed obtained in the proximal portion (internal os) and with a constant reduction toward the distal portion (external os). They also reported differences between the anterior and posterior segments of the external cervical os. Accordingly, the internal cervical os seems to be a denser area than the external os [82] .
Technical comments
Previous reports on cervical elastography have been performed in a sagittal projection, similar to that used for cervical length measurement [26, 55, 75] . This is a practical approach, as the operator does not modify the orientation of the US probe. The main limitation is that regions with different elastic properties are combined in the final calculation. Cross-sectional projections of the cervix display areas with similar anatomic location and function. Our results show similar SWS estimations in different regions of the internal os, making this anatomical region more reliable for cervical evaluation. The lack of homogeneity in the external os makes the analysis of cervical elasticity challenging for elastography methods; however, other techniques might be applicable [21, 27, 48, 51, 52, 54, 76, 84] .
For adequate recordings, three sources of movement should be controlled [20] : (1) the operator must keep the US probe fixed in the same position; (2) the mother should briefly hold her breath, and (3) images must be obtained in the absence of fetal movement. The system needs approximately 3-5 s to display consistent color elastograms. We propose using the color elastogram to select the optimal images for SWS calculation and the gray scale US image for delineation of the region of interest.
Conclusion
Elastography techniques are promising methods to evaluate the tensile properties of the cervix during pregnancy; however, specific protocols for high quality acquisition, and training of the operators, should be implemented before clinical application. The evaluation of cervical elasticity in addition to cervical length might improve the identification of women at risk of preterm delivery [2, 33, 35, 38, 44, 68, 81] and provide information on cervical changes after progesterone treatment [7, 11, 15, 23, 37, 69] and on cervical changes before the onset of labor [31, 32, 34, 36] . The advantage of cervical elastography is that it can be evaluated during the same US scan for cervical length measurement and results might be clinically useful. The complementary information that quasi-static and shearwave elastography can provide on cervical characteristics during pregnancy should be further evaluated.
Summary
Depth did not meaningfully affect the estimation of SWS in the cervix of pregnant women. Differences in SWS among cervical regions of the os might be related to tissue constitution.
